Introduction
Nanoparticles (NPs) have been synthesized in a large variety of shapes and sizes. The resultant properties can be adjusted for a given purpose and are particularly important in biomedical applications. [1, 2] Traditionally, spherical nanoparticles have been the main focus of research, but recently quasi-spherical NPs have shown a range of advantageous properties. [3] Particular examples of non-spherical particles are nano-cubes, which show potential for hyperthermia treatment owing to the larger magnetic anisotropy of a cubic structure compared with a sphere. [4] In addition, quasi-spherical particles are particularly important for catalytic applications. One example is the oxygen reduction reaction (ORR), [5] which is strongly influenced by the presence of Au(100) surface domains on Au nanoparticles; indeed, the greatest catalytic activity is observed for particles that deviate from spherical geometry.
Accurate nanoparticle sizing is crucial, and numerous methods have been applied such as transmission electron microscopy (TEM), scanning electron microscopy (SEM), dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA). The main advantage of electron microscopy [6] is that readily understandable visual shape information is obtained. However, the number of particles probed is generally small (<1000 particles) and careful sample preparation is required to carry out accurate measurements in vacuo. In particular, particle aggregation during drying of the sample has to be avoided as far as possible. Three-dimensional information can be obtained from TEM and SEM imaging by using a tilt-series of images, [7] but the process is time-consuming and often requires complex analysis. DLS and NTA are also routinely used as a first means of sizing NPs. DLS can provide information regarding the average size of the ensemble of nanoparticles but the resulting size distribution is typically skewed towards larger particles and may strongly depend on the instrument and analytical procedure used. [8] The sample preparation is simple and analysis is performed in solution phase. The basis of the technique is the measurement of the particle diffusion coefficient, which is then related to its hydrodynamic radius. As a result, all shape information is lost. With a correction for anisotropic diffusion, DLS has been successfully applied to nanorods, [9, 10] but applications to other geometries are yet to appear. NTA can provide information regarding individual particles [11] and is less affected by presence of large particles. However, the accuracy of the obtained data is strongly dependent on video capture and analysis and is strongly affected by the skill of the operator. [11] "Nano-impacts" provide volume information for individual particles. Given that a statistically significant number of particles is analyzed, it also becomes possible to estimate the distribution of sizes. In contrast to electron microscopy imaging, nano-impacts can be performed in the solution phase, reducing the influence of aggregation. A typical experimental setup consists of a microelectrode, held at a potential that allows full oxidation or reduction of a colliding nanoparticle, leading to a spike in a chronoamperogram. The area of each spike quantifies the charge transferred to the nanoparticle and is proportional to its size. Electrochemical nano-impacts have recently been demonstrated to yield accurate size information for a range of different nanoparticle systems (silver, [13] gold, [14] nickel, [14] iron oxide, [15] C60 carbon nanoparticles, [16] and other organic nanoparticles [17, 18] . and offer an attractive alternative to the more traditional sizing methods due to the low cost and relative simplicity of sample preparation, whilst retaining the merits of in situ analysis. Unlike imaging techniques, which typically provide a two-dimensional top view image of the particles, nano-impacts provide the number of atoms in a nanoparticle and corresponding volumetric information by the charge passed in the electrolysis of the particle.
According to the literature, there is a wide range of micrometer-sized polyhedral crystals and their formation and characterization has been investigated electrochemically [19] and through the electron microscopy; [20] however, no such analysis has been performed on the nano-scopic scale. In the present report, we introduce a general geometrical analysis for quasi-spherical nanoparticles and propose a joint technique of electron microscopy imaging and nano-impacts for accurate sizing of such particles. The application of this technique is demonstrated experimentally for icosahedral-shaped silver nanoparticles by using nanoimpacts and SEM images to show the merits of simultaneous use of the two techniques. By combining the size distributions for quasi-spherical icosahedral particles obtained through SEM imaging and nano-impacts and applying a geometric analysis, we establish an accurate description of the nanoparticle geometry and size.
Theory
A nanoparticle is characterized by its dimensions and its density. Any solid of a given geometry has a minimum set of parameters that describe it. For example, a perfect sphere is fully described by its radius; if the radius is known, additional information such as volume and surface area can be obtained immediately. For the purpose of nanoparticle sizing, a 'spherical' approximation is often used to simplify the analysis for quasi-spherical NPs. The size distributions of particles are commonly reported in terms of the spherical radius or diameter. Geometrically this is represented by a sphere touching each of the vertices of the polyhedron. This is illustrated in Figure 1 for an arbitrary solid. Importantly, from Figure 1 it is evident that the volume of the sphere is larger than the volume of the original polyhedron. The ratio between the volume of the solid and circumscribed sphere is given by Equation (1) and depends on the particular geometry of the solid. Hence, the spherical approximation always results in an overestimation of the volume of a given particle. For nanoparticles, the volume is dependent on the density and the number of atoms; hence, an increase in volume leads to an apparent increase in the number of atoms (1) .
SEM and TEM images typically provide a 2D plan view of the particles. An experimentalist then has to infer the 3D structure, which is difficult for polyhedra. This is because of a discrepancy between the sphericity and the circumscribed volume, which is quantified by the isoperimetric quotient, [21] = 36
where V is the volume of the polyhedron and S is its surface area. Only for a perfect sphere is = 1. Volumetric and sphericity data are shown in Figure 2 for the five platonic solids (tetrahedron, cube, octahedron, dodecahedron, and icosahedron), and the discrepancy between sphericity and the circumscribed volume is evident. The general trend is that with increasing number of vertices an increase in inscribed volume is observed. However, the increase in sphericity does not always correlate with the circumscribed volume as is the case for the icosahedron and dodecahedron. For quasi-spherical nanoparticles the spherical approximation is insufficient for accurate characterization and size determination. In order to diminish the approximation error, three-dimensional volumetric information is required. In the case of nano-impacts one can obtain volumetric information from the charge passed during electrolysis, and then use it in conjunction with electron microscopy to size particles correctly. The validity of this idea is tested in the following sections for quasi-spherical silver nanoparticles.
Experimental

Chemicals
The chemicals used were of analytical grade and purchased from Sigma Aldrich unless stated otherwise. Quasi-spherical citrate-capped silver nanoparticles of nominal 50 nm radius were purchased from nanoComposix as an aqueous solution. For electrochemical experiments, 1.4 mL of stock solution was diluted to 10 mL with a 0.1 M solution of KCl.
Characterization by SEM imaging
Nanoparticle sizes and shapes were characterized by using high-resolution SEM imaging (SEM, LEO Gemini 1530, Zeiss). ImageJ software (W. S. Rasband, ImageJ, US National Institutes of Health, Bethesda, Maryland, USA, http://imagej. nih.gov/ij/ 1997-2014) was used for post-processing, particle analysis and area calculations.
Electrochemical studies
Electrochemical experiments were performed under thermostatic conditions (25 ± 1 °C) by using a threeelectrode setup with an Autolab II potentiostat (Metrohm Autolab BV, Utrecht, Netherlands). A platinum mesh was used as the counter electrode and potentials were applied relative to a saturated calomel reference electrode (SCE). An aqueous 0.1 M KCl solution was prepared by using ultrapure water (Millipore, resistivity not less than 18.2 MΩ cm at 25 °C). Previous work had shown that coulometric sizing was quantitative in chloride solution. [22] Anodic particle impacts were performed using a random array of microelectrodes (RAM) as a working electrode. A potential of 0.60 V vs SCE was chosen to ensure complete oxidation of the AgNPs. [23] A random assembly of microelectrodes [24] is an set of randomly dispersed carbon microfibers (approximately 3200 fibers) in non-conductive epoxy. Of the 3200 fibers approximately 20-40 % are connected [24] and each of the fibers has a radius of 3.5 micrometers. The fibers are separated on average by 70 micrometers from each other. The ends of the fibers act as individual microdisks connected in parallel. The RAM was polished before the experiments using microcloth supplied by Buehler and 0.3 μM alumina particles to ensure a clean and reproducible surface. For these studies, 20 chronoamperograms of 50 s duration were recorded at a potential of 0.60 V vs SCE and 256 spikes were recorded in total. The resulting data were analyzed using the software Signal Counter22 (developed by Dario Omanović of the Center for Marine and Environmental Research, Ruđer Bošković Institute, POB 180, 10002 Zagreb, Croatia) to identify spikes, perform baseline corrections and calculate the charge per given impact. The software Origin Pro 9.0 (Origin Lab Corporation) was used for data visualization and histogram analysis.
Diffusional weighting
According to the Stokes-Einstein Equation [25] , larger nanoparticles have lower diffusion coefficients (D) than smaller ones, leading to a lower probability of impacting a given microelectrode. [3] 
Here k B is the Boltzmann constant, T is absolute temperature, η is the solution viscosity, and r is the radius of the particle. Evidently, differences in diffusion coefficients must be taken into account during size distribution analysis as the smaller particles have a higher probability of colliding with the electrode, causing the distribution to be skewed towards smaller nanoparticles. Diffusion-corrected weighting [26] can be applied to the data to compensate for this effect. The weighting is done by calculating the midpoint diffusion coefficient for each of the bars in the histogram and dividing the resulting diffusion coefficient by the diffusion coefficient of the smallest nanoparticles. In this way, individual bin counts can be adjusted.
Results and Discussion
The geometrical analysis described in the theoretical section was performed in three stages. First, the SEM images were analyzed and the spherical approximation was applied to obtain the size distribution. Second, the electrochemical sizing was carried out. Finally, the size distribution from the volumetric data was obtained.
SEM image analysis
The SEM images were analyzed using the ImageJ software. Automatic particle detection and particle area calculation was used. The average spherical radii (r average ) were determined according to Equation (4):
where A was the projected area of the nanoparticle on the image. Analysis of 55 nanoparticles showed a size range of 45-60 nm in accordance with the manufacturer's specification. The size distribution shown in Figure 3 has the following characteristics: the mean radius is 50 nm and the standard deviation is 4 nm. The SEM images clearly show that the particles are quasi-spherical and appear to have a hexagonal twodimensional projection as seen in Figure 3 . 
Nano-impacts
Previous nano-impact studies have used single microdisk electrodes. In the present study, we used a random assembly of microdisks (RAM) with a greater surface area (1000× area of 3.5 micrometer disk). The RAM allows detection of greater numbers of impacts, leading to higher accuracy of the particle size distribution. In addition, unlike micro-cylinder electrodes, [27] the RAMs are robust and can be re-polished many times. [24] A typical chronoamperogram is shown in Figure 4 , where the spikes correspond to individual nanoparticle-RAM collisions. Spikes are not seen in the absence of NPs (Figure 4 grey  transient) . By integrating the area beneath a given spike, we can determine the charge of the colliding nanoparticle. If we assume that all AgNPs are spherical, and that full oxidation takes place, then we can calculate the associated Faradaic charge of a sphere with a mean radius obtained from SEM images (r=50 nm). We note that estimates of any capacitance charge assuming a double layer capacitance of ≈10 μFcm −2 correspond to less than 1 % of the total charge. [28] Under a spherical approximation the relationship between charge passed and particle radius for r=50 nm is given by Equation (5): 
where F is the Faraday constant, ρ is the density, r np is the radius of the nanoparticle, A r is the number of atoms in a nanoparticle, and z=1 is the charge per atom. From the integrated charge per spike and by assuming that the particle is spherical, we can calculate the corresponding radius. 256 impacts were analyzed and the raw radius distribution was obtained as a result of the above calculation. The mean experimental charge was approximately 2.5 ×10 −12 C, which is ≈51 % of the charge calculated for 50 nm perfectly spherical NP from SEM images with the spherical approximation. The mean calculated nominal radius from impact experiments is 40 nm, with a standard deviation of 10 nm. The nano-impact experiments show consistently lower charge than anticipated for an idealized sphere with a 50 nm radius. One possible cause of the discrepancy could be the diffusion of the nanoparticles. As a result of the diffusion correction, the adjusted nominal mean radius would be 41 nm with a standard deviation of 10 nm. This suggests that the difference in the diffusion of the particles alone cannot account for the discrepancies in the sizes obtained from SEM imaging and the nano-impacts. 
Geometrical considerations
The obtained size distribution from nano-impacts using the idealized spherical approximation is consistently lower compared with that from SEM images as shown in Figure 5 . To account for this discrepancy, we present in the following section an explanation based on the quasi-spherical shape of the particles. From the SEM images shown in Figure 3 , it is possible to introduce a simplified geometry more consistent with the images. A three-dimensional solid is required, which when viewed in two dimensions corresponds to an observed hexagonal shape. An icosahedron fits such requirements. It belongs to the set of platonic solids [29] , having twelve vertices with twenty equilateral faces. This is shown in Figure 2 . Platonic solids are ubiquitous in nature and there are well-attested examples of nanocubes [4] and nanotetrahedrons [30] and others. [31] An icosahedron is likely to lie on its face if the SEM grid surface is locally smooth; and hence, when viewed from above, it would appear as a hexagon as shown in Figure 3 . Hence, icosahedron-shaped particles can account for the missing charge relative to the spherical approximation. From the SEM images, we can find the length of the diagonal of the hexagon and find the edge length of an icosahedron. [32] As can be seen from Figure 2 , the diagonal is equal to the diameter of the enclosing sphere. We can also express the edge length (a edge ) in terms of the diagonal length (d) [Equation (6)]. [6] = �Φ 2 +1
where Φ is the golden ratio ~1.61803399. The volume of a icosahedron is given by Equations (7-9). 
For an icosahedron, the circumscribed volume is 60.5 % of a unit sphere. As a result, due to a reduction in the number of atoms, nano-impacts would yield the corresponding reduction in charge. Hence, for an icosahedron circumscribed by a sphere of radius 50 nm, the corresponding charge would be almost 40 % of that for a sphere. As a result, when converting charge distribution obtained from nano-impacts to radius distribution of the circumscribed sphere, we need to include a correction of 40 %, leading to a significant increase in the determined radius. Dividing the obtained charge for the impacts by 0.605, we obtain the charge of the corresponding sphere and can calculate the corresponding radius according to Equation (5) .
The surface area of an icosahedron is given by Equation (10):
and hence, according to Equation (2), it has the highest sphericity of all the platonic solids at 93.9 %, but there is a significant difference in the inscribed volume relative to the circumscribed sphere. As a result, it appears almost spherical from two dimensional images, which can lead to significant sizing errors, if SEM imaging is used as the only sizing technique.
In light of the above considerations, the distributions become coincident within experimental error. 
Conclusion
Used on its own, electron microscopy may be inadequate to quantify quasi-spherical particles, due to the inherent limitations of the two-dimensional view. Without the additional information provided by nano-impacts, the characterization is incomplete. A common method of describing nanoparticles is to use the radius of a corresponding sphere, but while this may be adequate in some cases, it can fail in others (for example, in the case of icosahedral particles). Thus, sizing by electron microscopy should ideally be complemented by a coulometric technique, such as that described in the present work. Overall, our results highlight the importance of the geometry of the quasi-spherical particles.
